Mycobacterium stephanolepidis sp. nov., a rapidly growing species related to Mycobacterium chelonae, isolated from marine teleost fish, Stephanolepis cirrhifer A previously undescribed rapidly growing, non-pigmented mycobacterium was identified based on biochemical and nucleic acid analyses, as well as growth characteristics. Seven isolates were cultured from samples collected from five thread-sail filefish (Stephanolepis cirrhifer) and two farmed black scraper (Thamnaconus modestus). Bacterial growth occurred at 15-35 C on Middlebrook 7H11 agar. The bacteria were positive for catalase activity at 68 C and urease activity, intermediate for iron uptake, and negative for Tween 80 hydrolysis, nitrate reduction, semi-quantitative catalase activity and arylsulfatase activity at day 3. No growth was observed on Middlebrook 7H11 agar supplemented with picric acid, and very little growth was observed in the presence of 5 % NaCl. a-and a¢-mycolates were identified in the cell walls, and a unique profile of the fatty acid methyl esters and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) profiles of the protein and cell-wall lipids were acquired. Sequence analysis revealed that the seven isolates shared identical sequences for the 16S rRNA, rpoB, hsp65, recA and sodA genes. Phylogenetic analysis of the five gene sequences confirmed that the isolates were unique, but closely related to Mycobacterium chelonae. Antibiotic susceptibility testing revealed the minimum inhibitory concentration (MIC) of clarithromycin against this novel species was <0.25 µg ml À1 , which was lower than that for Mycobacterium salmoniphilum. The hsp65 PCR restriction enzyme analysis pattern differed from those of M. chelonae and M. salmoniphilum. Based on these findings, the name Mycobacterium stephanolepidis sp. nov. is proposed for this novel species, with the type strain being NJB0901 T (=JCM 31611
Non-tuberculous mycobacteria (NTM) are ubiquitous in various environments, including water [1, 2] . Some species are pathogenic, causing illness in humans and other mammals, as well as in birds and fish [3] [4] [5] . Incidences of infection caused by species of the genus Mycobacterium have been reported in more than 165 fish species [6] , with most infections caused by Mycobacterium marinum, M. shottsii, M. pseudoshottsii, M. abscessus, M. chelonae, M. salmoniphilum and M. fortuitum. Some of these species are also pathogenic to humans [7] [8] [9] [10] . Although there is no evidence of zoonotic transmission to date, accurate determination and discrimination of these pathogens is needed.
In 2009, high levels of mortality were observed in threadsail filefish, Stephanolepis cirrhifer, at a fish farm in Japan.
Non-photochromogenic, rapidly growing NTM were isolated from the dead fish. DNA-DNA hybridization tests showed that the representative strain, NJB0901
T , was closely related to M. chelonae [11] . From 2009 to 2013, similar infections occurred in both farmed and wild thread-sail filefish and farmed black scraper (Thamnaconus modestus) populations in several areas around Japan, with mycobacterial strains being isolated from infected fish. In this study, seven acid-fast mycobacterial isolates from the infected fish were characterized using morphological and biochemical analyses, TLC analysis of mycolic acids, fatty acid methyl ester profile, polar lipid analysis, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis of proteins and lipids, multi-locus sequence typing and molecular phylogenetic analysis, 65 kDa heat shock protein (hsp65) PCR restriction enzyme digestion assay (PRA) analysis, and antibiotic susceptibility testing. Based on these results, the isolates were identified as members of a novel species of NTM belonging to the M. chelonae-M. abscessus group. The name Mycobacterium stephanolepidis sp. nov. is proposed for this novel species, with the type strain being NJB0901 T (=JCM 31611 T =KCTC 39843 T ).
The five strains isolated from thread-sail filefish (NJB0901 T , NJB1001, NFUMC11, Ns11sousui68 and Ns12sousuiL-3), the two strains isolated from farmed black scraper (NJB1301 and NJB1302) and type strains M. salmoniphilum ATCC 13758
T and M. chelonae JCM 6388 T were cultured on Middlebrook 7H11 agar with oleic albumin dextrose catalase (OADC) enrichment (Becton Dickinson) for 2 weeks at 4, 10, 15, 20, 30, 35, 37 or 40 C to examine growth rate and colony morphology. The following morphological and biochemical tests were performed: pigment production, tolerance of picric acid, para-nitrobenzoic acid (PNB) and 5 % NaCl, iron uptake ability, Tween 80 hydrolysis, nitrate reduction, semi-quantitative catalase activity, 68
C catalase activity, arylsulfatase activity on day 3 and urease activity [12] . PNB tolerance was examined on Ogawa egg slants (Kyokuto Pharmaceutical Industrial), while all other tests were performed on Middlebrook 7H11 agar without OADC enrichment.
As shown in Table 1 , the seven piscine isolates showed identical morphological and biochemical characteristics. Growth occurred at C, with the optimum temperature being 30 C. No growth was observed at 4, 10, 37 or 40 C under the conditions tested. After 5 days at 30 C, most colonies appeared rough and white-coloured without pigmentation; however, a small number of smooth colonies were also present. In contrast, the two reference type strains produced smooth, domed colonies (Fig. S1 , available in the online Supplementary Material). Results of the biochemical tests carried out on the piscine isolates were consistent with those of the reference type strains for tolerance of PNB, Tween 80 hydrolysis (5 and 10 days), nitrate reduction, semi-quantitative catalase activity, arylsulfatase activity on day 3 and urease activity. All isolates, including the reference type strains, exhibited intermediate reactions in the iron uptake test, with some colonies becoming tan in colour, and a brown rim developing on the media (Fig. S1 ). The seven test isolates and M. chelonae JCM 6388
T were positive for catalase activity at 68 C and negative for growth on medium containing picric acid, while M. salmoniphilum ATCC 13758
T produced negative and positive results, respectively, for these two tests. In contrast, the piscine isolates and M. salmoniphilum ATCC 13758
T showed very little growth in the presence of 5 % NaCl, while M. chelonae JCM 6388 T did. These biochemical tests are useful for distinguishing between M. chelonae and M. salmoniphilum.
The mycolic acid structural types were determined using silica gel TLC (Uniplate, 20Â20 cm, 250 µm; Analtech) as described previously [13] . The mycolic acid methyl esters were developed three times with benzene. Strain NJB0901 T contained both a-and a¢-mycolates, a pattern shared by the three control strains Mycobacterium smegmatis mc 2 155, M. salmoniphilum ATCC 13758
T and M. chelonae JCM 6388 T (Fig. 1 ).
Fatty acid methyl ester profiles of NJB0901 T , M. chelonae JCM 6388
T and M. salmoniphilum ATCC 13758 T were determined according to the Sherlock Microbial Identification System (version 6.0; MIDI), performed by the TechnoSuruga Laboratory (Shizuoka, Japan). The three strains tested were cultured on Middlebrook 7H11 agar for 5 days at 30 C. The contents are shown in Table S1 .
Polar lipid analysis was performed for strains NJB0901 T , M. chelonae JCM 6388 T and M. salmoniphilum ATCC 13758
T . These strains were cultured on Middlebrook 7H11 agar for 5 days at 30 C. Bacterial lipids were extracted by the Folch method and identified using two-dimensional TLC with 20 % sulfuric acid, Dittmer-Lester reagent and ninhydrin reagent. The strains contained diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylinositol mannoside, and there was no difference in the polar lipid profiles of the three strains (Fig. S2 ).
Protein profiling using a MALDI Biotyper 3.1 (Bruker Daltonics) was performed for strains NJB0901 T , M. chelonae Table 1 . Morphological and biochemical differentiation of seven piscine isolates and two mycobacterial type strains
Strains: 1, NJB0901 T ; 2, NJB1001; 3, NFUMC11; 4, Ns11sousui68; 5, Ns12sousuiL-3; 6, NJB1301; 7, NJB1302; 8, M. chelonae JCM 6388 T ; 9, M. salmoniphilum ATCC 13758
T . +, Positive; À, negative; S, smooth colony; R(S), mainly rough colonies; S/R, some colonies change from smooth to rough; <45 mm, height of foam formation with catalase. All strains grew within 7 days at 30 C; showed growth at 10, 15, 20, 25, 30 and 35 C, but no growth at 4, 10, 37 or 40 C; were not pigmented; were tolerant of PNB; had intermediate iron uptake; were negative for Tween 80 hydrolysis at 5 and 10 days, nitrate reduction and arylsulfatase activity on day 3; positive for urease activity; and formed foam with a height of <45 mm in the semi-quantitative catalase test. 
Colony Morphology R/(S) R/(S) R/(S) R/(S) R/(S) R/(S) R/(S) S/R S
Tolerance of: C. Protein extraction was performed following the manufacturer's instructions. Mass spectra were acquired using an Autoflex speed mass spectrometer (Bruker Daltonics). The mass spectra of the three strains are shown in Fig. S3 . The homology of NJB0901 T with the other two strains was evaluated based on the Biotyper score values.
The score values for NJB0901 T against M. chelonae JCM 6388 T and M. salmoniphilum ATCC 13758 T were 1.893 and 1.301, respectively. According to the manufacturer's instructions, scores of <2.0 are not accepted for species assignment. These results suggested that NJB0901
T has a unique protein profile.
MALDI-TOF MS analysis of total lipids was performed using strains NJB0901 T , M. chelonae JCM 6388 T and M. salmoniphilum ATCC 13758 T as described by Kim et al. [14] . Total lipids were extracted from bacteria cultured on Middlebrook 7H11 agar with/without Tween 80 using the Bligh and Dyer method [15] . The lipids extracted were mixed with matrix (2,5-dihydroxybenzoic acid; 20 mg ml
À1
) and then analysed by MALDI-TOF MS with an Autoflex speed (Bruker Daltonics).
NJB0901
T cultured on Middlebrook 7H11 agar with Tween 80 showed four clusters of peaks (Fig. 2) . Clusters A and D appeared only when cultured with Tween 80 and showed the 44 atomic mass unit (AMU) intervals that are characteristic of Tween 80; however, the mass ranges differed from the spectrum of Tween 80. Clusters B and C were observed regardless of the addition of Tween 80 (Fig.  S4) . M. chelonae JCM 6388
T showed the 44-AMU-interval cluster (E), which only appeared when cultured with Tween 80, while clusters B and C were the same as those appearing in NJB0901
T . Peak sets with a mass difference of 16 AMUwere observed in clusters B, C and E. These peaks were caused by the simultaneous presence of Na + (23) and K + (39) adducts. M. salmoniphilum ATCC 13758
T did not share the spectrum patterns of NJB0901 T or M. chelonae JCM 6388 T , and clusters F and G were observed regardless of the addition of Tween 80. These results suggest that NJB0901
T has a unique degradation and incorporation capability for Tween 80, but this event may not always be reflected in the results of Tween 80 hydrolysis biochemical testing. Bioconversion and incorporation of Tween 80 to glycolipid by Corynebacterium matruchotii and M. smegmatis has been reported previously [16] .
Genomic DNA was extracted from bacteria cultured in Middlebrook 7H11 medium by first suspending the colonies in 300 µl distilled water and freezing them at À20 C, then boiling them at 95 C for 15 min. The samples were then centrifuged at 16 400 g for 15 min. The supernatant was used as template for PCR analysis. PCR and sequencing analysis was performed targeting the 16S rRNA gene, RNA polymerase b-subunit (rpoB) gene, 65 kDa heat shock protein (hsp65) gene, recombinase A (recA) gene and superoxide dismutase A (sodA) gene. The primers used for this analysis are listed in Table S2 . PCR analysis was performed using GoTaq DNA polymerase (Promega) with the following amplification conditions: 95 C for 10 min, 40 cycles of 95 C for 40 s, 55 C for 40 s and 72 C for 90 s, and a final cycle of 72 C for 5 min. The resulting amplicons were purified using a QIAquick PCR Purification kit or a QIAquick Gel Extraction kit (Qiagen) according to the manufacturer's instructions. The purified amplicons were sequenced using a BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems) and automated DNA sequencer (ABI PRISM 3730 DNA Analyzer, Applied Biosystems), performed by Hokkaido System Science (Hokkaido, Japan) and/or FAS-MAC (Kanagawa, Japan). Sequences were assembled and edited using GENETYX version 11.0. The partial sequence of the five genes from the seven test isolates were aligned using ClustalW in MEGA 6.0 [17] . PCR and sequencing analysis of the recA and sodA genes was also carried out for M. salmoniphium ATCC 13758 T using the same method.
All five gene sequences for the seven piscine strains showed 100 % similarity. Representative sequences from the designated type strain NJB0901 T have been deposited in the GenBank database. The partial sequences of the five genes from NJB0901 T were aligned with the corresponding sequences from Mycobacterium tuberculosis H37Rv T and several species of rapidly growing mycobacteria using CLUSTALW, and the resulting data were then used to generate a phylogenetic tree using MEGA version 6.0 (Figs 3 and T ; 5, NJB1001; 6, NFUMC11; 7, Ns11sousui68; 8, Ns12sousuiL-3; 9, NJB1301; 10, NJB1302. S5). For a robust phylogeny, a second phylogenetic tree was reconstructed from the concatenated 16S rRNA, rpoB, hsp65, recA and sodA gene sequences as described by Ad ekambi and Drancourt (Fig. 3) [18] . Both trees were reconstructed using the neighbour-joining method, with Kimura's two-parameter distance correction model and 1000 bootstrap replicates. The phylogenetic trees are shown in Figs 3 and S5.
The phylogenetic tree based on the 16S rRNA gene sequences placed NJB0901
T in the M. chelonae-M. abscessus group. The 16S rRNA gene sequence of NJB0901 T showed 99.8 % (1402/1405 bp), 99.9 % (1403/1405 bp) and 99.9 % (1403/ 1405 bp) similarity to the corresponding sequences of M. salmoniphilum, M. chelonae and Mycobacterium franklinii, respectively. As for the other four genes, NJB0901
T was classified into the same cluster with M. chelonae (Fig. S4) . Therefore, the tree generated from the concatenated 16S rRNA, rpoB, hsp65, recA and sodA gene sequences showed that NJB0901
T was distinctly separated from M. salmoniphilum and M. chelonae, which was supported by high bootstrap values (Fig. 3) .
The seven piscine isolates, along with type strains M. chelonae JCM 6388 T and M. salmoniphilum ATCC 13758 T , were pre-cultured in Mueller Hinton II broth (Becton and Dickinson) for 7 days at 25 C and then subjected to antibiotic susceptibility testing. The assay was performed using the standardized microdilution method, as recommended by the Clinical and Laboratory Standards Institute [19] , and included clarithromycin, rifampicin, streptomycin, kanamycin, amikacin, doxycycline and ciprofloxacin. Inoculated microdilution plates were incubated at 25 C for 5 days to allow determination of the minimal inhibitory concentration (MIC) for each antibiotic. Drug efficacy was determined by reference to interpretive criteria in the CLSI guidelines. The results of the susceptibility assays are shown in Table 2 . The seven test isolates were susceptible to clarithromycin ( 0.25 µg ml À1 ), doxycycline ( 1 µg ml
À1
) and ciprofloxacin (0.5-1 µg ml À1 ), and showed similar levels of susceptibility as the reference type strains to all other antibiotics tested. M. chelonae JCM 6388
T was also susceptible to clarithromycin ( 0.25 µg ml
) and ciprofloxacin ( 0.25 µg ml À1 ), but resistant to doxycycline (8 µg ml À1 ). M. salmoniphilum ATCC 13758
T showed intermediate resistance to clarithromycin (2 µg ml À1 ) and was highly resistant to doxycycline (>128 µg ml
). All strains were resistant or showed intermediate resistance to rifampicin, streptomycin, kanamycin and amikacin.
PRA pattern analysis of hsp65 was performed using NJB0901 T , M. chelonae JCM 6388 T and M. salmoniphilum ATCC 13758 T , as described by Telenti et al. [20] . Primers Tb11 and Tb12 (Table S2) were used to amplify the hsp65 fragment (441 bp). The PCR assay was performed using GoTaq (Promega) with the following amplification conditions: 95 C for 10 min, 50 cycles of 95 C for 40 s, 55 C for 40 s and 72 C for 60 s, and a final cycle of 72 C for 5 min. Aliquots (10 µl) of the resulting amplicons were then digested with 5 U of the restriction enzymes BstEII or HaeIII (Takara Bio) for 2 h at 37 C. Digested products were loaded onto 3 % CTG agarose (Nuseive) gels and electrophoresed at 50 V for 2 h. The gels were then stained with ethidium bromide, and banding patterns were observed by UV transilluminator. Additionally, the BstEII and HaeIII restriction sites within the hsp65 sequences of NJB0901 T , M. chelonae (Genbank accession no. CP010946) and M. salmoniphilum (DQ866777) were investigated virtually using GENETYX version 11.0 to determine the sizes of the expected fragments. These fragment sizes were compared with those of other mycobacterial species in the PRASITE database (http://app.chuv.ch/prasite/index.html). restriction patterns analysis are shown in Table 3 . All the strains tested showed an identical pattern following digestion with BstEII, while NJB0901 T could be distinguished from the two reference type strains following HaeIII digestion. These findings were supported by the results of the GENETYX program, with all strains predicted to produce bands of 310 and 132 bp following digestion with BstEII. However, following HaeIII digestion, NJB0901
T was predicted to produce bands of 220, 54 and 58 bp, while M. chelonae and M. salmoniphilum were expected to produce bands of 197, 60, 54 and 58 bp. Therefore, HaeIII digestion could be used to distinguish NJB0901
T from the control type strains examined in this study.
Overall, the results of biochemical analysis, total lipid analysis using MALDI-TOF MS, antibiotic susceptibility testing, PRA pattern analysis and phylogenetic analysis suggest that the designated type strain NJB0901
T , along with the other piscine isolates, belongs to the M. chelonae-M. abscessus group, but is clearly independent from M. chelonae and M. salmoniphilum. These results suggest that the piscine isolates represent a novel species of rapidly growing mycobacteria, for which the name Mycobacterium stephanolepidis sp. nov. is proposed.
DESCRIPTION OF MYCOBACTERIUM STEPHANOLEPIDIS SP. NOV.
Mycobacterium stephanolepidis (ste.pha.no.le¢pi.dis. N.L. gen. n. stephanolepidis of Stephanolepis, the genus of the host filefish, Stephanolepis cirrhifer).
This bacteria is acid-fast and rod-shaped, and growth is observed following incubation for 3-5 days at 30 C on Middlebrook 7H11 agar or egg slants. Colonies can be either rough or smooth, with no pigmentation regardless of exposure to light. Positive for catalase activity at 68 C and urease activity, intermediate for iron uptake, and negative for Tween 80 hydrolysis, nitrate reduction, semi-quantitative catalase activity and arylsulfatase activity at day 3. No growth is observed on Middlebrook 7H11 agar supplemented with picric acid, and very little growth is observed in the presence of 5 % NaCl. These growth characteristics in the presence of 5 % NaCl and picric acid can be used to distinguish this species from M. chelonae and M. salmoniphilum. Proteins and lipids have unique mass spectrometry peak patterns. Susceptible to clarithromycin ( 0.25 µg ml À1 ), doxycycline ( 1 µg ml 
Funding information
This work received no specific grant from any funding agency.
Conflicts of interest
The authors declare that there are no conflicts of interest. 
